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The Forces of Nature

» Why are the four forces in nature so different?
»How do we try to model them?

The Fundamental Particles

» quarks and leptons (matter), and ¢
» How do they get mass?

» How do we test



Gravitational and electromagnetic interactions

 Electromagnetism
e Gravity

Attractive force between
2 massive objects:

Electrons colliding in the screen!

Is very weak unless one of the
masses 1s huge, like the earth



Strong Interactions

Atoms are made from

@ protons, neutrons and ele
w Smashing electrons
neutrons at high
p~>uud

n>udd



Weak Interactions

Observation of Beta decay “‘_"'_F_j;'.'-’_’-"é i
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How strong 1s strong?
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The Complete Picture
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LEPTONS













The Standard Model:

A model or a theory ?

A model is a mathematical structure that make:
number of Pl'ediCtions that can be tested
experlmentally or that pr()v]des a go Od ex
for experimental observations.

Once the mathematical structure

a theory.



the Standard Model

A Quantum Theory that successfully describes = =
how all known fundamental particles inter ....~"'""f.'.i-"i"""?//:/:;
the Strong, weak and electromagnetic ’/!?:’.’./

It has been teSted With Very ' V,:/,’.'.'.: "'jjj.'.'fff:""""""
(one part in a thousa



The Standard Model explains nearly everything!

P+® —@0 + « + » _Neutrino (V) sky




ELEMENTARY
PARTICLES

THNLICRTH

Force Carriers

Three Generations of Matter



Matter: 3 families of quarks and leptons have the same
properties (quantum numbers) under the symmetries of nature

BUT they have very different masses

» the electron has a mass of one part in a 1000 trillion
trillion grams

» the muon i1s about 200 times heavier than the

» top quark is about 350,000 times heavier

Crucial Problem:

The symmetries o



The Standard Model holds together only
postulating the existence of a special field of
energy which permeates all of the space

Without the field’s
weighed nothing



The Higgs Mechanism

The Higgs field prefers to acquire a
nonzero value to minimize its energy

l

Spontaneous Breakdown
the symmetry

l

vacuum becon

In quantum field theory

fields are associated with parti

C Higgs Fie



The Higus Mechanisi

As toon
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All fundamental particles but one have been
seen at accelerators

The miSSing p artiCIG Of the Standard

Is quite essentiz
ﬁnding the Higgs boson is "/'!ﬁ;’,',','.'.’.,.,.; e
nggs field exist, ’/f...;-;;;::iif?l..':; ":::"""'5-7"""""""""""'"""""

explanation e ,:’..-.-'-""jjj.'iiiffff'"""""



Although the Higgs boson has not been measured

!

the high precision tests of the Standard Model
probe the indirect effects of the Higgs field
through the values of SM observables :

particle masses, decay rates, ete

As a result, from present experimental

4

the mass of the nggs ..

proton mass



The Search for the Higgs Boson

* At The Large Electron Posnron Colllder - LEP

'-'“.'r-rl\._._ ........

Tl

Bunches of electron and
speed in opposite . 7



If the Higgs Boson is created , it will decay rapidely
into other particles

E

At LEP energies mainly inte
pairs of b quarks

oLths Higgs

gt

LEP Run is over

* No Higgs seen with :

115 - 116 GeV



Higgs Particle Search at LEP (Aleph detector)

Higgs candidate with
mass of about
114 +- 3 GeV
and
three identified b quarks




Next chance to reveal mechanism that can explain the
origin of mass in nature =) here at Fermilab!

The Tevatron Run 2

Fermilab's
ACCELERATOR CHAIN
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Higgs production processes at hadron colliders

(b)




At Fermilab we can search for Higgs bosons with mass
as large as about 200 protons (200 GeV)

This is the preferred range from precision data !

cormbired CDF /DO threshalkds
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Superb performance
(high luminosity) is




It won’t be easy!

Higgs simulation courtesy of Joe Boudreau, CDF
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The hunt for the Higgs will continue (from 2008 on)
at the Large Hadron Collider (LHC) at CERN

DELPHI
LHC - B i

-—

e Electron, Proton
- @* Positron, Proton
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At LHC: many different possibilities to look for a
Standard Model Higgs boson with
mass up to about 1000 protons !




How will a Higgs as
heavy as 800 protons
look at the LHC

H(300 GeV)
e 74
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If no Higgs is found at the LHC we will have to search
for less beautiful explanations...

It the Higgs is found at the Tevatron and/or the LH

l

® It can be a Higgs with Standard Mode

* It can be a Higgs with pecul
* or multiple Higgs bosons
* or Higgs particle/s pl



The Standard Model gives a good description of the
physics we have tested at experiments,

but, there are good reasons to believe that this is
an effective description valid up to some high
and that new phySICs exist

The Standard Model does not S
® gravity
* the origin of the Higgs

It does not allow fc



supersymmetry

PARTICLES THAT PARTICLES THAT
MAKE LUF MATTER MEDIATE FORCES

CHIARK ELECTRON PHOTOM GLLIOMN HIGGS

.00 ébbﬁ

THEIR
“SPARTICLE" “SQUARK™ “SELECTRON" “ELUIND™
PARTNERS

KNOWMN
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> none of the



Supersymmetry at colliders

gluino and squark particles: production and dec




e. [ ]

SUSY candidate event at CDF
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new accelerators for new physics

Precision Higgs physics at a .
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The high energy physics collider program around the
world is crucial to pursue our understanding of nature

* We need to test the applicability of the Standard
Model to higher energies

* We need to answer questions beyond it:
Gravity, dark matter, unification of all forces

* We need to understand the origin of mass
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Structure within
the Atom
Quark

Size < 107 "9m

A
Nucleus :!;g) Electron

i 1018
Size ~ 1074 m 4 Size < 107'°m

Neutron
Q !Q and

@ » Proton

Atom Size = 107> m
Size =107 0m

e S L
u

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.
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